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ABSTRACT

Brillouin scattering is used to study the elastic behavior of

oriented poly(ethylene terephthalate) films. The elastic constants

CII, C13, C33 and C44 are determined by measurements of the quasi-

longitudinal and quasi-transverse hypersonic velocities at different

angles in the film . The total orientational parameter is calculated

for the three draw ratios from the Brillouin hypersonic velocities and

are found to be similar to the orientational parameter in the amorphous

phase obtained with a different technique.
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INTRODUCTION

It is well known that the elastic properties of polymers are

affected by externally applied perturbations such as stretching or

extrusion. The external perturbation induces the polymer chains to

assume a preferred alignment in the sample relative to the axis of

deformation. This alignment increases the chain orientation in both the

crystalline and amorphous regions. One manifestation of this orientation

is an increase in, the elastic stiffness along the axis of alignment.

Polyethylene terephthalate (PET) is a crystalline polymer when

it has been cooled slowly from the melt. It is an amorphous polymer

when quenched suddenly from the molten state. Amorphous films of PET

are known to develop stress induced crystallinity during the process of
(1)

orientation. This crystallinity causes a radical alteration of the

suD-erstructure in the oriented polymer from that in the amorphous film.

It is therefci useful to see how the elastic constants of PET films

are affected by orientation.

Brillouin Light Scattering is a probe of the hypersonic acoustic

phonons in a given rredium. Information about the hypersonic velocities

and acoustic attenuation is readily obtained by Brillouin scattering while

the medium remains close to therrnodvnamic equilibriumr. With the develop-

ment of the multiDass Fabry Perot interferometer it -s now possible to

observe Brillouin scattering in media even with strong elastic scattering

from surface or inclusiors. Further, a five pass interfermeter, provides

sufficient contrast that the transverse phonons in polymer films of

t
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moderate thickness can be detected.

The hypersonic velocity, VB, in an optically isotropic medium

is related to the Brillouin frequency shift, fB' by:

fB X.
B 2 n sin 0/2

where X is the incident wavelength, n is the refractive index, and 6

is the scattering angle. In a birefringent medium Eq. (1) becomes more

complicated.

Advantages for using Brillouin scattering for polymer work are

that the size and shape of the sample are relatively unimportant, and

this reduces the amount of preparation necessary for a measurement. In

addition, the phonon propagation direction in the sample is accurately

defined by the scattering geometry. In this paper we report the effect

of orientation on the elastic constants of PET films subjected to uniaxial

orientation as determined with Brillouin scattering.
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EXPERIM~ENTAL

PET was purchased from the Aldrich Chemical Company as amorphous

nuggets. Films were cast in a hydraulic press fitted with polished

heated plates. The cast temperature was 2700C and 2 metric tons of

pressure was applied for 10 minutes. The hot films were quenched in ice

water. The strongly adhering aluminum foil jacket was removed by
(2)

dissolving in 1 M NaOH. Regions of the films having an unblemished

surface and uniform thickness were selected for experimentation.

The films were uniaxially oriented in a water bath at 800C using

a manually operated film puller. The draw rate was about 100%/min. The

final elongation was determined by measuring the separation of marks on

the film before and after stretching. A stretch ratio of 4.86 was found

to be just less than the break point at this temperature. The films were

mounted in frames directly from the puller so that their final elongation

was maintained. Annealing the PET films in heated baths tended to reduce

the optical quality by making the samples less transparent; therefore, the

rilms used in this experiment were unannealed.

A triple pass Fabry Perot (F.P.) was used in the first stage of the
'r* (3)

experiment. A five pass F.P. is used in the present work to obtain the

various elastic constants. The finesse of the 5 pass F.P. is above 60.

The F.P. mirrors are scanned piezoelectrically and the free spectral range

used in this experiment is about 30 GHz.
n r0

)An argon Lon lase., tuned to 4880 A and equipped with an etalon provides
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the incide.nt radiation. The photo-current from the photomultilier tube

is amplified with a picoammeter and the spectra are displayed on a chart

recorder. The beam. is focused to a siall area on the film by a lens of

5 cm focal length. The incident radiation is polarized vertically by the

laser and a polarization analyzer selects the vertical component of the

scattered light so that all spectra are polarized.

The film thickness varies slightly from 0.014 cm for the unoriented

to 0.011 cm for the highest stretch ratio. The refractive index of the

films was determined by finding the critical angle of total reflectance

at the base of a prism with a layer of high index liquid placed between

the prism base and the film. The index of the unoriented films is found
0

to be 1.588 at 4880 A. The film densities were determined with a density

gradient column. The films vary in density with draw ratio. The degree

of crystallinity in the unoriented film is less than 8%.

The angular measurements for the velocity contours were made with a

goniometer as shown in Fig. la. The goniometer was adjusted so that the

rotation axis about a is in the scattering plane. The film was mounted so

that a rotation about a rotates the film sample about its Y axis (Fig. lb).

The scattering region of the film was positioned to remain in the center

of rotation as a is varied. a is defined to be the angle between the

film stretch axis and the scattering vector. The angle was fixed so the

incident and scattered light beams make an angle of 450 to the film surface.

* Two sets of Brillouin doublets are found in the polarized spectrum

of the amorphous film. A strong band is seen at 6.9 GHz and a second weaker

band is found at 15.6 -Hz. No peaks are observed in the depolarized

scattering spectrum of these films, despite the fact that depolarized spectral
4,11

:eaks have been reported in PET films. The 900 scattering geometry in

La ,zu ma_.~ - -,,w-~.w-
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Fig. 2 shows two incident light rays from which Brillouin scattering

occurs: the first is fron the incident beam as it makes the first pass

through the film, and the second is due to the reflected beam from the back

surface of the film. Thus for the 900 scattering there are two scattering

vectors: ql which lies in the plane of the film, and a2 which is tilted
5

from the normal direction of the film.

The spectra obtained in the 900 scattering geometry have an interest-

ing feature. When the film bisects the angle made by the incident and

scattered beams ,the sound velocity measured from the scattering vector
5

(ql) is independent of the refractive index of the medium. In this case

the sound velocity is given simply by:

2 -
fB i

5 (2)

This result is very useful in studying filhrsor which the ind'ex of refraction

is difficult to measure.

Although there is a large difference in Brillouin frequency for peaks

associated with ql and q2' the sound velocities are found to be the same in

the unoriented sample, and suggest that the sample is isotropic and there

is no dispersion with wave vector.
'rv'

RESULTS AND DISCUSSION

Figure 3 shows Brillouin spectra of oriented PET films at Ds 3.57. When

0
the oriented films are rotated about their Y axis to angles above a >100, a

band associated with the quasit-ransverse (CT) phonon appears at low frequency
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in the spectrum. The QT and QL phonon peaks are indicated by (1) and

(3), respectively in Fig. 3. The peak indicated as (4) is due to back

scattering from the reflected beam, and that indicated as (2) is anomalous

and is designated the Y-band. The intensity of the QT band increases

up to an angle of about a-450 where it reaches a maximum. The relative

intensities of the QL and QT scattering at a = 450 changes with draw ratio.

The QL peak is more intense than the QT in the R s 2.68 film. However, inS

the Rs - 4.66 film, the QT peak is nearly twice the intensity of the QL.

The QT scattering fades from the spectrum above a > 750 . The QL scattered

intensity remains nearly constant up to an angle a - 600 where it begins

to increase dramatically. It rtecwhes a maximum intensity at a = 900.

The positions of various peaks also change with the angle a.

Figure L shows a set of polar plots of sound velocity versus the

propagation direction in the films. The sound velocity along the z (stretch)

axIs increases considerably with stretch ratio, which is an expected result

as the polymer chains assume a preferred orientation in the stretch direction.

The sound velocity along the x axis (perpendicular to stretch) is relatively

unaffected by the orientation. The transverse velocities are also affected

by stretch. They are found to be smaller in the R 2.68 film than in

the R 3.57 and 4.66 films in which the velocities and contours are$

similar.

We assume that a uniaxially stretched film has a uniaxial elastic

sy;net V,. The elastic constant matrix for uniaxial symmetry is:

Law,~. -.
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CII C12 C1 3 0 0 0

C1 C13 0 0 0
Cij C33 0 0 0 (3)

C44 0 0

C44 0

C66

where C6 6  :' (C - C )
w 6 12 From the Cristoffel equation for

uniaxial symetry one can obtain the eigenvalues for the QL (+root) and
6

QT (-root) phcncn. They are given by:

2 '2 + (c2 I % + C33Zi + C4) + {(CllZ2 + C332 + C44)2

- L.[(C 11
2 + C4 4z) (C44z + C3 3Z )

- X- 013 + C4)2]} (L)

where: zx = x/I = sin a and 2z .q/lql cos a, are the direction co-

sines of the scattering vector in the film. T )obtain the elastic constants

C11 , 033 , C44 , and C13, we used a least squares fitting program to find

the best fit of the data to Eq. L. The fitted velocity contours are shown

in Fig. 4. The elastic constant C66 which would be found from the third

eigenvalue of the Cristoffel equaticn cannot be letermined with Brillouin

...tering since the transverse acoustic wave ag:'iated with C66 is not

act-ve in Brillcuin scattering for the uniax-al svrnetryv. This is consistent

with the exoeriment.

The elas-ic constants obtained in this manner are plotted versus draw

ratio in 1i-. . t is clear that the elastic constanc most affected by orientation
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* is C33 which increases linearly with stretch ratio. C also increases
33 13

with stretch ratio while CI1 decreases slightly. C 44 remains unaffected

by the film orientation.

The elastic modulus along the orientation axis of the polymer

samples are often determined with low frequency sonic velocity

measurements. Moseley has proposed a simple theory to determine from

the elastic modulus the Hermann orientation parameter, f, according to
7

the expression given by:

f =- Cos 20-l> 1 -(c- ) (.5)

In this equation 8 is the angle between a polymer chain segment and the

crientation axis. C 33 and p0 are the elastic constant and the density

of the unoriented sample, respectively.

The Hermanr. orientation parameter determined according to Eq. (5

is plotted versus draw ratio in Fig. 6. Also plotted in Fig. 5 are the

data from Ref. (8) in which the orientation parameter of the amorphous

phase isolated from the total orientation parameter is given. Clearly

one sees that both sets of data approach a limiting value of f - .75 at

high draw ratio. Since the Brillouin result should cor-espond to a

measure of the total orientation function where the crystalline and

*- amorphous regions transmit acoustic waves cooperatively, the similarity

of the Brillouin scattering result to that of the purely amorphous phase

orientation function suggests that the factor most affecting the sound

*. velocity in oriented PET is probably due to the orientation of the amorphous

7-- _7 MAE7- ~4
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phase chains.

It has been shown previously that the longitudinal Brillouin
3

band splits into two peaks when the film is oriented. We have taken the

peak indicated as (3) in Fig. 2 to be scattering from the longitudinal

phonon. The second peak, denoted as the Y-band, behaves differently than

the longitudinal band when the angle a is varied. Fig. 7 is a polar plot

of frequency shift versus a for the QL band and the Y-band in the R = 3.57

Film. At c 0 the Y-band is lower in frequency than the quasilongitudinal

band. The two bands merge at a -300 and when a 450 the Y-band is found

at higher frequencies than the QL band. As % approaches 900 the Y-band

intensity is faint and the linewidth appears to be very broad.

Other researchers have found anomalous bands in the Brillouin

spectra of oriented polymers. For example, the workers in Ref. (9) have

reported a high frequency band which they have attributed to scattering from

void defects in oriented Poly(methvl methacrylate). It appears more likely

that this is due to scattering from an internal reflection of the incident

beam from the back surface of the sample. A smpnle calculation taking in

account the different scattering angles cf the incident and reflected

beams and the anisotropic sound velocity shows this tc be reasonable.

However, the anomalous bands in the spectra cf *,riented PET films and
10

ex truded rods cannot be exr' ared in -f the Scatter;ni :fro a

*. reflected beam. PET is -ncwn to develc7 s-ess "nuced crvstallinity when it
(1)

is oriented. 7he size of the cr1,,s:aiiine regions formed in this way can have

a size on the order of the hypersonic wavel-noth and the anomalous band could be

the scattering from those rezions. Hcwever-, an anomalous band having similar
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features is also seen in the Brillouin spectrnm of oriented Poly(propylene)

films in which stress induced crystallinity is not present. Further work

to elucidate the nature of this work is still in progress.

SUMARY

/

Brillouin light scattering is used to obtain the elastic constants

of oriented PET films. The elastic constant C3 3 is found to be most

affected by the deformation. The sound velocity data are fit to the

Christoffel equation of linear elastic theory using a least squares

fitting routine. The elastic constants were obtained by fitting the

experimental sound velocities obtained at different angles in the films

to the theory. The Hermann orientation parameter for each stretch ratio

i& obtained from the hypersonic velocity data. These are found to be

similar to the Herann parameter calculated for the amorphous phase

obtained from other techniques, thus indication that at high frequency

the amorphous phase orientation has a dominant influence on the change

of the velocity of the longitudinal acoustic phonons. An anomalous band

is present in the spectra of oriented PET films. The angular behavior of

this band is provided.
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FIGURE CAPTIONS

1. a. Diagram of the goniometer used for angular dependent Brillouin
measurements.

b. Film coordinate axes; stretch direction is along z.

2. Diagram to show the incident, reflected, refracted and scattered
rays in the film.

3. Brillouin spectra of the R = 3.41 film taken at angles: a = 150

and a = 45P. R is the ra~io of the length of the stretched film
to that of the 8nstretched. Note the enhanced contrast of the
5 pass interferometer. The various peaks: (1) quaitransverse
wave, (2) anomalous Y band (3) quasilongitudinal wave, (4) re-
flection peak. The spectra were obtained using the VV configuration.

4. Polar plots of sound velocity versus angle in the film.
S.D. is the stretch direction.

* - experimental points

- fit to equation (4)

5. The elastic constants versus draw ratio.

6. Hermann's orientation function parameter f, calculated from the
Brillouin results plotted as a function of stretch ratio.

C our data

* data of Ref. 8

7. Polar plot of the anomalous Y band frequency in the R - 3.57

film plotted as a function of angle a; also shown fo4 comparison
are the quasilongitudinal freauencies.

* yband AQ.L.
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